Abstract: Unmanned aerial vehicles (UAV) have become vital targets in civilian and military fields. However, the polarization characteristics are rarely studied. This paper studies the polarization property of UAVs via the fusion of three polarimetric decomposition methods. A novel algorithm is presented to classify and recognize UAVs automatically which includes a clustering method proposed in "Science", one of the top journals in academia. Firstly, the selection of the imaging algorithm ensures the quality of the radar images. Secondly, local geometrical structures of UAVs can be extracted based on Pauli, Krogager, and Cameron polarimetric decomposition. Finally, the proposed algorithm with clustering by fast search and find of density peaks (CFSFDP) has been demonstrated to be better than the original methods under the various noise conditions with the fusion of three polarimetric decomposition methods.
Introduction
Radar is an electronic system that utilizes electromagnetic waves to obtain the attribute information of the object which consists of velocity and range [1, 2] . The potential targets that are often sensed with radar are vessels, aircraft, spacecraft, civilian vehicles, military tanks, terrain, and so on [3] . The automatic target recognition (ATR) [4] [5] [6] system takes advantage of the information reflected from the targets, by analyzing electromagnetic characteristic and extracting features to classify and recognize the objects. Radar automatic target recognition continues to advance with the development of radar hardware and information processing technology. Applications of broadband and multi-polarization technologies not only enhance the comprehension of target attribute information, but also bring a challenge of information processing [7] .
The research on man-made targets has attained significant achievements in SAR/ISAR imaging and processing [8, 9] . Dungan et al. focused on civilian vehicle radar data and investigated the signature of cars which had been adopted to the reconstruction of elevation [10] . In Reference [11] , the study reveals the characteristic of civilian cars in SAR imaging with noise and classifies ten kinds of vehicles under various signal-to-noise ratio (SNR) conditions. Fuller et al. established a high-frequency model to solve the problems of parameter estimation and scatter classification in the spatial domain with simulated data [12] . In addition, the literature [13] established a forward approach of parametric scattering center model in the ATR system which had achieved great agreement between the simulation and experimental data. In the application of wide-angle SAR/ISAR, Jianxiong Zhou et al. reconstructed
•
Better performance under conditions of different SNRs in contrast with other algorithms; • Extraction of the local geometrical structure of UAVs based on polarimetric decomposition.
The framework of contents in this paper is shown in Figure 1 . Section 1 introduces the background of UAV recognition and the structure of this paper. Sections 2 and 3 present the imaging algorithms and coherent polarimetric decomposition methods; Section 4 introduces the methodology of clustering by fast search and find of density peaks; Section 5 provides the procedure of the proposed novel algorithm which is designed based on contents from Sections 2-4; Experimental results and conclusions are shown in Sections 6 and 7 respectively. 
Imaging Algorithm
Imaging is an indispensable operation before extracting features and recognizing targets. Twodimensional Fourier transform and Convolution Back-projection (CBP) algorithm have been employed in this paper. These two methods are widely used in the research of ISAR imaging and have their advantages respectively. The process of 2D Fourier transform is straightforward while the consumptions of computing resources are considerably huge. The methodology of the convolution back-projection algorithm has been reviewed in Reference [25] .
Polarimetric Matrix and the Signal Model of Radar Imaging
Polarimetric inverse synthetic aperture radar (PolISAR) obtains more information in the imaging scene than conventional radar. Conventional radar has only one or two polarimetric channels, whereas PolISAR has four channels. For PolISAR [26] , in the horizontal and vertical polarization bases (H, V), the acquired fully polarimetric data could form a scattering matrix with representation as 
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Polarimetric Matrix and the Signal Model of Radar Imaging
Polarimetric inverse synthetic aperture radar (PolISAR) obtains more information in the imaging scene than conventional radar. Conventional radar has only one or two polarimetric channels, whereas PolISAR has four channels. For PolISAR [26] , in the horizontal and vertical polarization bases (H, V), the acquired fully polarimetric data could form a scattering matrix with representation as
where S HV is the backscattered coefficient from the vertical transmitting and horizontal receiving polarization, S HH is the backscattered coefficient transmitted and received both from the horizontal polarization. The other backscattered coefficients are similarly defined. According to the definition of radar cross section σ pq and the reciprocity theorem [27] 
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2D Fourier Transform Algorithm
In Cartesian coordinates, g(x, y) denotes the ground reflectivity function and the 2D Fourier transform [28] is defined as follows:
And
Let (w, θ) represent the polar coordinates in the (u, v) plane. G(w, θ) denotes the value of G(X, Y) along a line at an angle θ with y-axis.
The reconstructed imageĝ(x, y) can be expressed aŝ
Polarimetric Decomposition Methods
The physical structural characteristics of the target can be obtained effectively by polarimetric decomposition. The polarimetric decomposition methods of the target are mainly divided into coherent decomposition and incoherent decomposition. The incoherent decomposition discusses the characteristics of the change of the target under time-varying conditions, and the model is quite complex. This paper focuses on the UAV target with coherent decomposition methods. Coherent decomposition methods consist of Pauli decomposition, Krogager decomposition, and Cameron decomposition.
Pauli Decomposition
The Pauli decomposition decomposes the scattering matrix S into three simple scattering mechanisms that represent odd-bounce scattering, even-bounce scattering, and asymmetric component scattering [29] [30] [31] . The even-bounce scattering can be further divided into dihedral targets with azimuth angles of 0 • and 45 • .
The scattering matrix of the target can be rewritten as
As mentioned in the previous section, the polarimetric scattering matrix consists of four elements: S HH , S HV , S V H and S VV . When the reciprocity condition is satisfied, S HV = S V H can be obtained. The four complex numbers are α, β, χ and δ, they are thus given by
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When the limit of monostatic and reciprocity is satisfied, (8) can be simplified as
Krogager Decomposition
The Krogager decomposition [29, 30] characterizes the scattering electromagnetic properties of the complex object with three basic scattering mechanisms, namely, the sphere, the dihedral with azimuth angle ϕ, and the helix.
where
S sp , S he , and S di represent the scattering matrices corresponding to a sphere, helix, and dihedral. k S , k D and k H , are denoted as the contribution of three scattering mechanisms of the specific target.
ϕ is the azimuth of the dihedral, ψ represents the absolute phase, ψ s shows the relative phase difference between the scattering component corresponding to the minimum unit sphere and other scattering mechanisms.
After the operation under the circular polarization [29] , the scattering matrix S is represented as
The Krogager decomposition decomposes the target into three basic scattering mechanisms that simplify the interpretation and analysis of the target physical properties.
Cameron Decomposition
Cameron decomposition of radar targets has two characteristics: symmetry and reciprocity [31, 32] . It is different from Pauli decomposition. Pauli decomposition decomposes the target scatter into several simple scattering mechanisms. Cameron decomposition first decomposes the scattering matrix into reciprocal and nonreciprocal parts. The reciprocal part is then divided into symmetrical and asymmetrical parts based on symmetry. The expression of Cameron decomposition is as follows:
The angle θ rec represents the proportion of reciprocal scatter and τ sym shows the proportion of symmetric part of the scatter. The vectorŜ nonrec is the representation of the normalized non-reciprocal scatter,Ŝ max sym corresponds to the portion of the normalized symmetric scatter,Ŝ min sym is denoted as the vector form of the normalized asymmetric scatter.
Cameron decomposition first uses the Pauli decomposition to weight the sum of the target's scattering matrix, then transforms the scattering matrix into the vector form [33] :
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The reciprocity of the target scatter is given by θ r and it decreases with the increasing value.
The process of Cameron Decomposition is shown in Figure 2 . The specific type can be determined after the reciprocal test, symmetric test, and the distance classification. The different types include dihedral, trihedral, cylinder, dipole, narrow diplane, quarter wave device, right helix, left helix, asymmetric scatter and non-reciprocal scatter. More details of Cameron decomposition can be obtained from the literature [31] [32] [33] [34] .
The reciprocity of the target scatter is given by r  and it decreases with the increasing value.
where rec
The process of Cameron Decomposition is shown in Figure 2 . The specific type can be determined after the reciprocal test, symmetric test, and the distance classification. The different types include dihedral, trihedral, cylinder, dipole, narrow diplane, quarter wave device, right helix, left helix, asymmetric scatter and non-reciprocal scatter. More details of Cameron decomposition can be obtained from the literature [31] [32] [33] [34] . 
Clustering by Fast Search and Find of Density Peaks (CFSFDP)
Clustering by fast search and find of density peaks (CFSDP) algorithm [35] assumes that cluster centers are surrounded by neighbors with lower local density and that they are at a relatively large distance from the point with higher local density. Local density and the distance from any points with higher local density are required to compute.
The definition of a local density of point i is defined by the following formula 
The definition of a local density of point i is defined by the following formula
where d c represents the cutoff distance, and the distance from point i to point j is d ij . The set of the points is defined as I s where all the points are included. The minimum distance between the point i and the other points with higher density is defined as δ i :
Electronics 2018, 7, 364
when the point is with the highest density, δ i is defined as max d ij . δ i tends to be larger than the typical nearest neighbor distance when the points are local maxima in density. The steps for the CFSFDP algorithm are shown in Table 1 . Table 1 . The steps for the CFSFDP algorithm [35] [36] [37] .
Algorithm Clustering by Fast Search and Find of Density Peaks (CFSFDP) where n c represents the number of clustering centers
The computation of thresholds of mean local density for cluster centers {ρ b l } n c l=1
11. Label cluster halos
The Flowchart of the Proposed Algorithm
The proposed algorithm shown in Figure 3 is organized as follows:
Step 1: Full polarimetric data of the UAVs are measured in an anechoic chamber or is obtained by EM simulations. Different from the single polarimetric data, more detail information includes the structure that enables us to classify and recognize the targets.
Step 2: Radar imaging algorithm affects the subsequent processing procedure, 2D Fourier transform and Convolution Back-projection Algorithm is applied to form the imaging. The different images produced by two algorithms are compared for the selection of the better one.
Step 3: In order to simplify the processing procedure, strong scattering points (point cloud) in the image are extracted based on the amplitude. It not only reduces the computational load but also ascends the following operation speed. Additionally, these points are conducive to the estimation of size information.
Step 4: Length, width, and the oriental angle of the UAV targets are obtained according to the point cloud by step 3. Size information is utilized for the coarse classification of the UAV targets (mainly for excluding objects of unusual size).
Step 5: Pauli, Krogager, and Cameron decomposition methods are applied to study the property of the targets. Details of the different parts of the unmanned aerial vehicle are analyzed and discussed, the decomposition results show the structural feature at various oriental angles.
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Step 6: The fusion of multiple polarimetric decomposition methods and azimuth angles are adopted to realize the fine classification. We utilize CFSFDP to classify UAV targets automatically without training and testing.
Step 7: Finally, the results of the novel clustering algorithm based on polarimetric decomposition are discussed and studied. size information.
Step 7: Finally, the results of the novel clustering algorithm based on polarimetric decomposition are discussed and studied. 
Experiments and Results
This paper focuses on two kinds of UAVs: "Frontier" UAV and "MQ-1" UAV. The wide-band frequency ranges from 8 to 12 GHz and the frequency interval is 20 MHz. A linear frequency modulation signal is utilized in radar measurement with horn antennas. The "Frontier" UAV mainly consists of a composite material which contains plastic and metal. The "MQ-1" UAV which is measured by electromagnetic software is composed of metal.
In this paper, the head of the UAV is toward the +X axis and the back of the fuselage is toward the +Z axis. Figure 4a shows the picture of the "Frontier" UAV taken in the microwave anechoic chamber, (b) reveals the computer-aided design (CAD) model of the "MQ-1" UAV. The experimental data of the "Frontier" UAV and electromagnetic simulation data of the "MQ-1" UAV are thoroughly studied and investigated. What should be emphasized is that the electromagnetic model of the "MQ-1" UAV is 1:4 the scale of a real UAV. The length of the simulated "MQ-1" UAV is 4.2 m and the width of that is 2.1 m. The length and width of the "Frontier" UAV are 2.7 m and 2.4 m, respectively.
The imaging results of the "Frontier" UAV with the FFT and CBP algorithms are shown in Figure 5 . Figure 5a -c shows images of the "Frontier" UAV under HH, HV, and VV polarization respectively, which utilizes two-dimension Fourier transform. Similarly, the full-polarization images of the "Frontier" UAV with the CBP algorithm are indicated in Figure 5d -f.
(a) (b) Figure 4 . The two kinds of UAVs studied in this paper. (a) "Frontier" UAV; (b) "MQ-1" UAV.
The imaging results of the "Frontier" UAV with the FFT and CBP algorithms are shown in Figure 5 . The imaging results of the "Frontier" UAV with the FFT and CBP algorithms are shown in Figure 5 . Figure 5a -c shows images of the "Frontier" UAV under HH, HV, and VV polarization respectively, which utilizes two-dimension Fourier transform. Similarly, the full-polarization images of the "Frontier" UAV with the CBP algorithm are indicated in Figure 5d -f. Figure 6 shows the full-polarization images of the "MQ-1" UAV with the two algorithms. From  Figures 5 and 6 , the difference between images of "Frontier" and "MQ-1" with different algorithms are obvious. The 2D Fourier transform can roughly describe the outline of the UAV under HH and VV imaging conditions, however, the shape of "MQ-1" UAV components cannot be identified accurately with the HV channel such as the wing and empennage. The image results of the cross- Figure 6 shows the full-polarization images of the "MQ-1" UAV with the two algorithms. From Figures 5 and 6 , the difference between images of "Frontier" and "MQ-1" with different algorithms are obvious. The 2D Fourier transform can roughly describe the outline of the UAV under HH and VV imaging conditions, however, the shape of "MQ-1" UAV components cannot be identified accurately with the HV channel such as the wing and empennage. The image results of the cross-polarization channel are worse than the other two channels, and the overall structure of "MQ-1" UAV can hardly be identified. Images utilizing the convolution back-projection algorithm show better effect than images with 2D Fourier transform. With the information given by HH and VV channel, not only can the basic outline of UAV be extracted, but the size and structural information can also be obtained. Although the intensity of HH polarization is weaker than that of the other two channels, the missile and tail parts are still able to be recovered.
(c) (f) Figure 6 shows the full-polarization images of the "MQ-1" UAV with the two algorithms. From Figures 5 and 6 , the difference between images of "Frontier" and "MQ-1" with different algorithms are obvious. The 2D Fourier transform can roughly describe the outline of the UAV under HH and VV imaging conditions, however, the shape of "MQ-1" UAV components cannot be identified accurately with the HV channel such as the wing and empennage. The image results of the crosspolarization channel are worse than the other two channels, and the overall structure of "MQ-1" UAV can hardly be identified. Images utilizing the convolution back-projection algorithm show better effect than images with 2D Fourier transform. With the information given by HH and VV channel, not only can the basic outline of UAV be extracted, but the size and structural information can also be obtained. Although the intensity of HH polarization is weaker than that of the other two channels, the missile and tail parts are still able to be recovered. In order to show the differences between the 2D Fourier transform and CBP algorithm meticulously, empennage and missile parts of two UAVs are selected. The empennage is an arrangement of stabilizing surfaces at the tail of the UAV. As shown in Figure 7a ,b, empennage generates a relative large distortion by the 2D FFT method, while the image clearly shows the details In order to show the differences between the 2D Fourier transform and CBP algorithm meticulously, empennage and missile parts of two UAVs are selected. The empennage is an arrangement of stabilizing surfaces at the tail of the UAV. As shown in Figure 7a ,b, empennage generates a relative large distortion by the 2D FFT method, while the image clearly shows the details of the component with the CBP algorithm. Figure 7c ,d reveal the missile part of "MQ-1" UAV in HH polarization channel with FFT and CBP algorithms where the details of missiles of "MQ-1" can be obtained in the image generated by CBP algorithm. Nevertheless, the terrible image formation of missiles with FFT algorithm is difficult to be recognized. Based on the results, the CBP algorithm is chosen to carry out the follow-up study.
(c) (f) Figure 6 . The full-polarization imaging results of "MQ-1" UAV with FFT and CBP algorithm. (a)"MQ-1" in HH polarization by FFT; (b) "MQ-1" in HV polarization by FFT; (c) "MQ-1" in VV polarization by FFT; (d) "MQ-1" in HH polarization by CBP; (e) "MQ-1" in HV polarization by CBP; (f) "MQ-1" in VV polarization by CBP.
In order to show the differences between the 2D Fourier transform and CBP algorithm meticulously, empennage and missile parts of two UAVs are selected. The empennage is an arrangement of stabilizing surfaces at the tail of the UAV. As shown in Figure 7a ,b, empennage generates a relative large distortion by the 2D FFT method, while the image clearly shows the details of the component with the CBP algorithm. Figure 7c ,d reveal the missile part of "MQ-1" UAV in HH polarization channel with FFT and CBP algorithms where the details of missiles of "MQ-1" can be obtained in the image generated by CBP algorithm. Nevertheless, the terrible image formation of missiles with FFT algorithm is difficult to be recognized. Based on the results, the CBP algorithm is chosen to carry out the follow-up study. Firstly, the extraction of strong scattering points of the "Frontier" UAV is carried out which are chosen based on the magnitude of the imaging results and the application of the sliding window (20 by 20) . Two hundred strong scattering points are filtered out from the image of the "Frontier" UAV that are utilized to estimate the length and width information. Additionally, these scattering points will be employed to inverse structural information with polarimetric decomposition methods. Principal Component Analysis (PCA) is an effective method for calculating target size in a twodimensional Cartesian coordinate space and estimating the length and width of "Frontier" UAV with the point clouds. Figure 8a shows the extraction of scattering centers in the image of "Frontier" UAV which is represented by blue-black diamonds. The scattering centers cover the entire fuselage of the UAV which provides the basis for the length and width estimation of the UAV. The directions of two straight lines in Figure 8b represent the orientations of length and width according to the point clouds in Figure 8a . Firstly, the extraction of strong scattering points of the "Frontier" UAV is carried out which are chosen based on the magnitude of the imaging results and the application of the sliding window (20 by 20) . Two hundred strong scattering points are filtered out from the image of the "Frontier" UAV that are utilized to estimate the length and width information. Additionally, these scattering points will be employed to inverse structural information with polarimetric decomposition methods. Principal Component Analysis (PCA) is an effective method for calculating target size in a two-dimensional Cartesian coordinate space and estimating the length and width of "Frontier" UAV with the point clouds. Figure 8a shows the extraction of scattering centers in the image of "Frontier" UAV which is represented by blue-black diamonds. The scattering centers cover the entire fuselage of the UAV which provides the basis for the length and width estimation of the UAV. The directions of two straight lines in Figure 8b represent the orientations of length and width according to the point clouds in Figure 8a .
dimensional Cartesian coordinate space and estimating the length and width of "Frontier" UAV with the point clouds. Figure 8a shows the extraction of scattering centers in the image of "Frontier" UAV which is represented by blue-black diamonds. The scattering centers cover the entire fuselage of the UAV which provides the basis for the length and width estimation of the UAV. The directions of two straight lines in Figure 8b represent the orientations of length and width according to the point clouds in Figure 8a . The estimated length and width of "Frontier" and "MQ-1" UAVs with an azimuth ranging from 0-9° are shown in Figure 9 . The estimated width of "Frontier" UAV remains steady at about 2.3 m with the azimuth rotation. The estimated length of "Frontier" UAV fluctuates between 2.5 and 3 m. The estimated length of "MQ-1" UAV is more than 4 m which is greater than that of the "Frontier" UAV. The estimated length and width of "Frontier" and "MQ-1" UAVs with an azimuth ranging from 0-9 • are shown in Figure 9 . The estimated width of "Frontier" UAV remains steady at about 2.3 m with the azimuth rotation. The estimated length of "Frontier" UAV fluctuates between 2.5 and 3 m. The estimated length of "MQ-1" UAV is more than 4 m which is greater than that of the "Frontier" UAV.
The estimated length and width of "Frontier" and "MQ-1" UAVs are applied for the coarse classification of UAVs which can be further adapted for more types of UAVs. The estimated length and width of "Frontier" and "MQ-1" UAVs are applied for the coarse classification of UAVs which can be further adapted for more types of UAVs. Pauli decomposition can mainly decompose the UAV target into three scattering mechanisms: odd scattering mechanism and two kinds of even scattering mechanism with an azimuth angle of 0 degrees and 45 degrees. Pauli decomposition of "MQ-1" UAV with an azimuth of 0° is shown in Figure 10 . The odd scattering mechanism of "MQ-1" is the main mechanism when the azimuth is 0°. The outline and components of the "MQ-1" UAV can be clearly reflected in decomposition. The power of the odd scattering mechanism accounts for more than 65% of that of the whole image. The empennage of "MQ-1" UAV is shown in an even scattering mechanism with an azimuth of 45° while other components are not displayed in Figure 10c . Even the scattering mechanism with an azimuth of 0° also shows the body of the UAV, however, the intensity and ability that displaying details are weaker than that of odd scattering mechanism. In order to study the polarization characteristics in depth mathematically, the proportions of the scattering mechanisms are analyzed with different azimuth angles. Figure 11 reveals the proportions of the Pauli decomposition scattering mechanisms of "MQ-1" and "Frontier" UAVs. When the azimuth angle ranges from 0 to 25 degrees, odd scattering is the major scattering mechanism of the two UAVs. With the increase of the azimuth angle of the "MQ-1" UAV, the even scattering mechanism with an azimuth of 45° increases gradually. The even scattering mechanism with an azimuth angle of 0° is greater than the even scattering mechanism with an azimuth of 45° in the image of the "MQ-1" UAV. With regard to the "Frontier" UAV, three proportions of scattering mechanisms have a stable fluctuation from −5 to 25 degrees and odd Pauli decomposition can mainly decompose the UAV target into three scattering mechanisms: odd scattering mechanism and two kinds of even scattering mechanism with an azimuth angle of 0 degrees and 45 degrees. Pauli decomposition of "MQ-1" UAV with an azimuth of 0 • is shown in Figure 10 . The odd scattering mechanism of "MQ-1" is the main mechanism when the azimuth is 0 • . The outline and components of the "MQ-1" UAV can be clearly reflected in decomposition. The power of the odd scattering mechanism accounts for more than 65% of that of the whole image. The empennage of "MQ-1" UAV is shown in an even scattering mechanism with an azimuth of 45 • while other components are not displayed in Figure 10c . Even the scattering mechanism with an azimuth of 0 • also shows the body of the UAV, however, the intensity and ability that displaying details are weaker than that of odd scattering mechanism. In order to study the polarization characteristics in depth mathematically, the proportions of the scattering mechanisms are analyzed with different azimuth angles. Figure 11 reveals the proportions of the Pauli decomposition scattering mechanisms of "MQ-1" and "Frontier" UAVs. When the azimuth angle ranges from 0 to 25 degrees, odd scattering is the major scattering mechanism of the two UAVs. With the increase of the azimuth angle of the "MQ-1" UAV, the even scattering mechanism with an azimuth of 45 • increases gradually. The even scattering mechanism with an azimuth angle of 0 • is greater than the even scattering mechanism with an azimuth of 45 • in the image of the "MQ-1" UAV. With regard to the "Frontier" UAV, three proportions of scattering mechanisms have a stable fluctuation from −5 to 25 degrees and odd scattering is the main scattering mechanism which is greater than the other two kinds of mechanisms. The decomposition results of the two UAV targets in the Pauli decomposition show the difference of the polarization characteristics between "MQ-1" and "Frontier" UAVs.
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(a) (b) Figure 11 . The proportions of scattering Pauli decomposition mechanisms of "MQ-1" and "Frontier" UAVs. (a) "MQ-1" UAV; (b) "Frontier" UAV.
As shown in Figure 12 , the sphere, diplane, and helix scattering mechanisms are utilized to analyze the "MQ-1" and "Frontier" UAVs. The elements of Krogager decomposition of "Frontier" UAV are relatively stable, while the results of the Krogager decomposition of "MQ-1" UAV vary greatly. For "MQ-1" UAV, the mechanisms of the sphere and diplane scattering are greater than that of helix scattering. The scattering mechanism of helix ascends with the increase of the azimuth angle. The elements of "MQ-1" and "Frontier" UAVs with Cameron decomposition are shown in Figure 13 . The wings of "MQ-1" UAV with a 0-degree azimuth angle are presented mainly by the scattering mechanism of Trihedral. The strong scattering points in "Frontier" UAV are mainly centered at the front of the body. Quarter wave device scattering emerges in the front wing of "Frontier" UAV which may be caused by the composite material. The elements of "MQ-1" and "Frontier" UAVs with Cameron decomposition are shown in Figure 13 . The wings of "MQ-1" UAV with a 0-degree azimuth angle are presented mainly by the scattering mechanism of Trihedral. The strong scattering points in "Frontier" UAV are mainly centered at the front of the body. Quarter wave device scattering emerges in the front wing of "Frontier" UAV which may be caused by the composite material.
(a) (b) Figure 13 . The Cameron decomposition of the "MQ-1" and "Frontier" UAVs. (a) "MQ-1" UAV; (b) "Frontier" UAV.
"MQ-1" UAV and "Frontier" UAV with different imaging azimuth angles are chosen to test the algorithm performance. Definitions of T1, T2, and T3 are shown in Table 2 . Each target contains 151 samples which include elements by multiple polarimetric decomposition methods (such as odd scattering, trihedral, dihedral, etc.). The structure of a UAV can be inverted and three targets will be classified according to those scattering mechanisms. Table 2 . The three targets for the experiment.
Abbreviation
Target T1 "MQ-1" UAV with azimuth angle from −5 to 25° T2
"Frontier" UAV with azimuth angle from 0 to 30° T3 "Frontier" UAV with azimuth angle from 75 to 105° Figure 14a shows the decision graph of targets which can decide the number of clustering centers "MQ-1" UAV and "Frontier" UAV with different imaging azimuth angles are chosen to test the algorithm performance. Definitions of T1, T2, and T3 are shown in Table 2 . Each target contains 151 samples which include elements by multiple polarimetric decomposition methods (such as odd scattering, trihedral, dihedral, etc.). The structure of a UAV can be inverted and three targets will be classified according to those scattering mechanisms. Figure 14a shows the decision graph of targets which can decide the number of clustering centers automatically according to the thresholds of ρ and δ without training and testing. In the experiment, thresholds of ρ and δ are chosen as 12 and 22 respectively. Three clustering centers are selected correctly which are marked in yellow, green, and blue. Figure 14b reveals the clustering results of three targets which are processed by the multidimensional scaling for the presence of visualization and all the samples are classified accurately. 
Conclusions
UAVs have become a significantly important issue in both civilian and military fields, nevertheless, the electromagnetic and polarization properties are barely studied in recent years. In this paper, the polarization characteristics of unmanned aerial vehicles are analyzed according to electromagnetic data of the "MQ-1" and "Frontier" UAVs. A novel clustering algorithm has been proposed to classify the UAVs automatically and recognize the same UAV with different azimuth angles via polarization characteristics.
More kinds of UAVs could be utilized for classification and recognition to further prove the effectiveness of the proposed algorithm. The fusion of infrared and optical information could also be considered as the compensation for the polarization analysis, which may enable the improvements of classification and recognition.
Author Contributions: H.W. and D.D. designed the algorithm; B.P. and J.W. performed the algorithm; B.P. proposed important modified scheme of the paper; H.W. wrote the paper; X.W. revised the paper. To further verify the effectiveness of the proposed algorithm, samples with different SNRs have been utilized. As the SNR increases, all four algorithms reveal the improvement of the classification results. DBSCAN (density-based spatial clustering of applications with noise), K-means and K-medoids are typical clustering algorithms in machine learning. K-means and K-medoids methods classify elements based on the distance to the cluster centers, while DBSCAN method is on the basis of local density. As shown in Table 3 , the performance of the proposed algorithm is superior to the other three algorithms. When the SNR is 5 dB, the classification result of DBSCAN is 33.33%, whereas the value of our algorithm is 77.26%. All the classification results become stable as the SNR is greater than 20 dB which has shown the effectiveness of the polarimetric scattering mechanisms with different classifiers. The proposed algorithm not only has a satisfying performance with high SNRs, but also behaves robustly under severe conditions. Different UAVs or even the same UAV with different azimuth angles can be recognized precisely and automatically with no prior information. 
